Structure of a Voltage-Dependent K+ Channel β Subunit  by Gulbis, Jacqueline M et al.
Cell, Vol. 97, 943±952, June 25, 1999, Copyright 1999 by Cell Press
Structure of a Voltage-Dependent
K1 Channel b Subunit
in membrane voltage, this kind of ion channel undergoes
a conformational change that opens the ion conduction
pathway. The Shaker K1 channel from Drosophila mela-
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and the Howard Hughes Medical Institute nogaster is the archetypal voltage-dependent K1 chan-
nel (Tempel et al., 1987). This name derives from theRockefeller University
New York, New York 10021 shaking phenotype of flies in which the channel gene is
mutated. It is interesting that two of the early described
shaking phenotypes of Drosophila, the hyperkinetic mu-
tants, result from mutations in a K1 channel b subunitSummary
gene (Chouinard et al., 1995). In these mutant flies, the
ether-induced leg shaking is distinguishable from thatThe integral membrane subunits of many voltage-
observed in flies with defective Shaker K1 channels,dependent potassium channels are associated with
and the hyperkinetic phenotype includes neuromuscularan additional protein known as the b subunit. One
excitability manifest as kinetogenic seizure activity evenfunction of b subunits is to modify K1 channel gating.
in the absence of ether (Kaplan and Trout, 1969).We have determined the structure of the conserved
What is the central biological role of the voltage-core of mammalian b subunits by X-ray crystallogra-
dependent K1 channel b subunits? Efforts to determinephy at 2.8 AÊ resolution. Like the integral membrane
their cellular function have been inconclusive to datecomponent of K1 channels, b subunits form a four-
but have followed two major avenues of research. Infold symmetric structure. Each subunit is an oxido-
the first, their influence on ion channel gating has beenreductase enzyme complete with a nicotinamide co-
studied, while in the second, a potential role as molecu-factor in its active site. Several structural features of
lar chaperones has been investigated. The gating pro-the enzyme active site, including its location with re-
posal is based on the observation that certain b subunitspect to the four-fold axis, imply that it may interact
family members spontaneously close the ion conductiondirectly or indirectly with the K1 channel's voltage sen-
pathway by a tethered ball or inactivation gate subse-sor. This structure suggests a mechanism for coupling
quent to the opening of the voltage-dependent gatemembrane electrical excitability directly to chemistry
(Rettig et al., 1994; Heinemann et al., 1996). This is com-of the cell.
monly referred to as ball-and-chain or A-type inactiva-
tion and is best characterized in the Shaker K1 channel
from Drosophila, where the inactivation gate is formedIntroduction
by the a subunit's own N-terminal 20 or so amino acids
located on the cytoplasmic side of the membrane (HoshiMany voltage-dependent K1 channels have a noninte-
gral membrane component known as the b subunit et al., 1990). The b1 subunit has on its N terminus an
amino acid sequence that is similar to the Shaker K1(Rehm and Lazdunski, 1988; Parcej et al., 1992; Scott
et al., 1994). Four a subunits form the transmembrane channel inactivation gate. Thus, when b1 is associated
with the a subunit, its N terminus can substitute func-channel for K1 ion conduction and voltage-dependent
gating, while the b subunit is attached to the cytoplasmic tionally for an a subunit's inactivation gate or even con-
fer inactivation on a K1 channel that does not have itsface of the a subunits. Several closely related b subunit
variants have been described; all are approximately 40 own gate. The ability to mediate inactivation, however,
is not a general property of b subunits. The b2 subunit,kDa in mass, are known to coassemble in the endoplas-
mic reticulum with the channel-forming a subunits (Shi for example, is almost identical to b1 throughout most
of its amino acid sequence but has a shorter N terminuset al., 1996; Nagaya and Papazian, 1997), and remain
tightly adherent to the channel. Beta subunits have a and lacks the inactivation gate of b1 (Rettig et al., 1994;
Xu and Li, 1997). As a result, the b2 subunit does notconserved core sequence and variable N termini. This
conserved core is related in amino acid sequence to inactivate open K1 channels to a significant degree.
aldo-keto reductases that are members of the triose Indeed, the b2 subunit has only very modest effects on
phosphate isomerase (TIM barrel; Alber et al., 1981) en- the gating of voltage-dependent K1 channels, bringing
zyme family (McCormack and McCormack, 1994; Choui- into question the hypothesis that b subunits exist in
nard et al., 1995). Present in particular abundance in the order to modify channel gating, at least on a rapid time
central nervous system of mammals, the K1 channel scale.
b subunits are also found in invertebrates and plants A chaperone function for b subunits was suggested
(Chouinard et al., 1995; Shi et al., 1996; Tang et al., 1996). because they influence cell surface expression of the a
Beta subunits are invariably associated with K1 chan- subunit when coexpressed in heterologous cells (Shi et
nels that are gated by changes in cell membrane voltage. al., 1996; Nagaya and Papazian, 1997). However, b and
These are six transmembrane-spanning K1 channels a subunits form a permanent complex in the cell mem-
with a voltage sensor (Hille, 1992). Triggered by changes brane, and therefore it is not surprising that one should
affect the other's abundance. Therefore, while some
influence on levels of expression is in evidence, the* To whom correspondence should be addressed (e-mail: mackinn@
rockvax.rockefeller.edu). chaperone hypothesis does not seem compelling.
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Table 1. Crystallographic Analysis
Statistics for Data Collection and Structure Determination
Resolution Reflections Rmerge Completeness (%) Phasing
Data Set (AÊ ) (Measured/Unique) (Overall/Outer Shell) (Overall/Outer Shell) Riso No. of Sites Power RCullis
Native1 15.0±3.0 322,456/34,694 0.066/0.336 98.6/97.7
PHMB 15.0±3.3 265,660/26,116 0.100/0.349 98.6/99.6 0.16 4 1.34 0.79
PIP 15.0±3.4 240,296/23,854 0.126/0.432 97.2/97.8 0.22 4 1.34 0.77
Native2a 40.0±2.8 814,316/41,936 0.074/0.394 97.7/98.1
Refinement Statistics
Rms Deviations from Ideal Values
Resolution R Factor
Data Set (AÊ ) Reflections (Rfree/Rcryst) Bav (AÊ 2) Bonds (AÊ ) Angles (8) B Factor (AÊ 2)b
Native2 40.0±2.8 40,911 0.243/0.237 60.8 0.007 1.48 1.79
Rmerge 5 SS|Ij 2 ,I.|/SIj.
Riso 5 S|FP 2 FPH|/S FP.
Phasing power 5 ,rms heavy atom structure factor./,rms lack of closure. for acentric reflections.
RCullis 5 ,rms lack of closure./,rms isomorphous difference. for centric reflections.
Overall MIR figure of merit (15.0±3.3 AÊ ): 0.45.
Five percent of measured data were selected in thin resolution shells for calculation of the Rfree.
a Used for refinement only.
b Bonded atoms.
The above considerations bring into question the pri- solution, is convincing evidence that we have deter-
mined the biologically relevant quaternary organizationmary function of K1 channel b subunits. We have ad-
dressed this question by searching for clues in the three- of K1 channel b subunits. We hereafter refer to this
structure as the b tetramer.dimensional structure of the b2 subunit of mammalian
voltage-dependent K1 channels. The b tetramer is composed of four TIM barrels, each
having eight parallel b strands that form a central core
and intervening a helices encircling the barrel's perime-Results
ter. The two N-terminal b strands form a hairpin that lies
perpendicular to the central axis of the barrel and isStructure of the b Subunit
The conserved core of the K1 channel b2 subunit (b located at the intersubunit interface of the tetramer (Fig-
ures 2A and 2B). TIM barrel proteins are usually en-subunit) (amino acids 36 to 367) was expressed in Sf9
cells as a glutathione S-transferase fusion protein and zymes, and the catalytic site is located at the C-terminal
edge of the b strands (Branden and Tooze, 1999). Onpurified using glutathione±Sepharose and gel-filtration
chromatography. Removal of the N-terminal 35 amino the b subunit, we refer to this as the front face of the
barrel. The presence of bound nicotinamide adenineacids was necessary to prevent protein aggregation and
facilitate crystallization. A notable biochemical property dinucleotide phosphate (NADP1) cofactor within the b
subunit structure attests to its catalytic potential.of the b subunit is its oligomeric state; the apparent
molecular size from gel-filtration chromatography is The TIM barrels are arranged in the b tetramer end to
side so that the back face of a barrel is wedged againstmost compatible with a tetrameric subunit stoichiometry
of the soluble protein. The tetramer never exhibits disso- the side of an adjacent barrel (Figure 1C). This subunit
arrangement places the exposed front face 30 to 35 AÊciation into individual subunits under native conditions.
Crystals in space group P21212 were grown by vapor away from the four-fold axis. It also provides an exten-
sive intersubunit interface (about 1900 AÊ 2 per subunit)diffusion and the molecular structure determined with
reflections to 3.3 AÊ Bragg spacings by multiple isomor- for formation of a stable tetramer. The interface involves
mainly polar and water-mediated contacts, as is ob-phous replacement. The presence of a tetramer in the
asymmetric unit of the crystal enabled the use of four- served in the K1 channel tetramerization domain (Kreusch
et al., 1998). A hole in the center of the tetramer is aboutfold noncrystallographic symmetry averaging. The final
structure, from amino acid positions 36 to 360 and con- 5 AÊ in diameter at its narrowest point (van der Waals
surface separation), certainly wide enough to permit asisting of 2501 nonhydrogen protein atoms, 37 water
molecules, and 48 cofactor atoms, was refined with data K1 ion to pass. However, the hole is lined by basic amino
side chains. Due to the positive electrostatic charge, weto 2.8 AÊ to an Rfree of 24.3% and an Rcryst of 23.7%. Strict
four-fold noncrystallographic symmetry constraints were think it is improbable that this opening in the tetramer
interface forms part of the ion conduction pathway forapplied throughout model refinement (Table 1).
The b2 crystal structure reveals a four-fold symmetric K1 ions in the biological a4±b4 octamer. More likely, when
the b tetramer is docked onto the integral membranetetramer of TIM barrels with approximate dimensions of
90 AÊ 3 90 AÊ 3 40 AÊ (Figure 1). Four-fold molecular K1 channel, access pathways between the two proteins
allow K1 ions to diffuse from the cytoplasm to the pore.symmetry is a shared feature of the b subunit and the
integral membrane K1 channel (Doyle et al., 1998; One surface of the b tetramer is extremely flat and the
other concave (Figure 1B). We have yet to determineKreusch et al., 1998). This fact, taken together with the
observation that b subunits form stable tetramers in which face contacts the integral membrane channel.
K1 Channel b Subunit Structure
945
Figure 1. A Tetramer of Kvb2 Forms the
Asymmetric Unit
(A) Stereoview of a ribbon diagram of the b
tetramer viewed along the molecular tetrad.
The TIM barrels of individual subunits are dis-
tinctively shaded to emphasize the four-fold
symmetry of the complex, and the hinged
a-helical subdomain of each is colored blue.
This figure and other ribbon diagrams were
prepared using the programs MOLSCRIPT
(Kraulis, 1991), Raster-3D (Bacon and Ander-
son, 1988), or POVRAY (http://www.povray.
org).
(B) A side view of Kvb2 shows two topologi-
cally distinct faces. Two diagonally opposite
monomers are removed for clarity.
(C) Schematic representation of the molecu-
lar tetramer indicating the position of the ac-
tive site (red asterisks) relative to the subdo-
main structure.
Comparison to Aldo-Keto Reductases the framework of the barrel (Figure 3). The enzyme 3a-
hydroxysteroid dihydrodiol dehydrogenase (3a-HSD) isSuperposition of their three-dimensional structures indi-
cates a close correspondence between the K1 channel a member of this enzyme family and was chosen for
comparative purposes on the basis of sequence andb subunit and aldo-keto reductases, particularly with
respect to the eight b strands and a helices comprising structure database searches (Figure 4) (Altschul et al.,
Figure 2. Structure of Kvb2
(A) Ribbon representation of the Kvb2 TIM
barrel in a similar orientation to Figure 1, with
secondary structural elements colored as de-
fined in sequence alignments (Figure 4). Heli-
ces and strands of the TIM barrel are shaded
green and orange, respectively, and a subdo-
main comprising C-terminal residues 243±
360 (with the exception of strand bJ) is shown
in blue. In white is the amino-terminal hairpin
presented at the tetramer interface. A bound
NADP1 molecule present in our crystals is
depicted in yellow.
(B) The molecule is shown rotated approxi-
mately 908 about a vertical axis such that the
central axis of the barrel is perpendicular to
the viewer.
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Figure 3. Structural Alignment of Kvb2 with
a Member of the Aldo-Keto Reductase Super-
family
Stereoview of a Ca trace of Kvb2 (beta, black)
superimposed onto that of 3a-hydroxysteroid
dihydrodiol dehydrogenase (3a-HSD, red).
This figure was generated using the programs
O (Jones et al., 1991) and GRASP (Nicholls
et al., 1991).
1990; Bennett et al., 1997; Holm and Sander, 1998). participate in binding and catalysis (Branden and Tooze,
1999).Despite preservation of the molecular scaffold, signifi-
cant differences between the fold of the b subunit and The bF±aD loop in 3a-HSD is significantly shortened
in the b subunit, where it interacts with an elongatedthat of 3a-HSD occur in structural loops bordering the
enzyme active site. Such loops located at the C-terminal bE±aC loop via conserved residues (Phe-120, Arg-159).
These two loops of the b subunit are thus conformation-edge of the strands normally provide the molecular de-
terminants of substrate specificity in TIM barrel en- ally constrained such that they occupy a similar region
in space to the bF±aD loop in 3a-HSD over part of itszymes, and in some instances, additional loops from
other domains or subunits are known to intervene and length. The segment of the bF±aD loop of 3a-HSD that
Figure 4. Sequence Alignment of Kvb2 and Related Proteins
Secondary structural elements and residue numbering (Kvb2) are indicated above the sequences. To produce this alignment, the amino acid
sequence of Kvb2 was aligned with 3a-HSD and aldose reductase based on the tertiary fold. The remaining sequences were automatically
aligned with Kvb2 or 3a-HSD using the program CLUSTALW (Thompson et al., 1994) and minor adjustments made upon inspection. The
conserved catalytic residues are shown in red, and regions of significant homology between all amino acid sequences are yellow (algorithm
of Livingston and Barton, 1993). Boxed regions I, II, and III reflect major differences between b subunits and members of the aldo-keto
reductase superfamily and are discussed in the text. This figure was prepared using ALSCRIPT (Barton, 1993). Amino acid sequences are,
respectively, Kvb2 from Rattus norvegicus (Rettig et al., 1994, GenBank accession number X76724), Kvb1 from Homo sapiens (McCormack
et al., 1995, GenBank accession number S66503), b subunit from Arabidopsis thaliana (GenBank accession number AC002376, 1997), Hyperki-
netic from Drosophila melanogaster (Chouinard et al., 1995, GenBank accession number U23545), recombinant 3a-HSD from Rattus norvegicus
(Bennett et al., 1997), aldose reductase from Homo sapiens (Harrison et al., 1994), aflatoxin aldehyde reductase (AFAR) from Homo sapiens
(Ireland et al., 1998, GenBank accession number AAC52104), and ORF o346 from Escherischia coli (GenBank accession number U28377).
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Figure 5. Comparative Anatomy of the Active
Site
Stereo diagrams of (A) Kvb2 and (B) 3a-HSD,
viewed along the central axis of the b barrel
from the C-terminal end of the b strands. In
each case, a transparent representation of
the molecular surface enveloping the Ca
trace (tube) illustrates the structural features
of the protein. The Ca tube is colored green in
regions with conserved secondary structure,
while significant differences between Kvb2
and 3a-HSD are highlighted in orange or red.
Residues of 3a-HSD involved in substrate
binding are white, and nominally equivalent
residues in Kvb2 are similarly depicted. These
residues are (Kvb2) Trp-57, Val-89, Trp-121,
Asn-158, Trp-272; (3a-HSD) Leu-54, Trp-86,
His-117, Phe-118, Phe-128, Phe-129, Trp-
227, Tyr-310, Phe-311. The cofactor is in-
cluded here as a yellow stick model. This fig-
ure was generated using the program GRASP
(Nicholls et al., 1991).
is not mimicked in the b subunit (see box I, Figure 4) The location of the cofactor corresponds to the NADPH
binding cleft of aldo-keto reductase enzymes such asinterfaces with the C terminus (box III). The net effect
is to create a large protrusion in the front surface of the aldose reductase (Wilson et al., 1992) and 3a-HSD (Ben-
TIM barrel relative to the b subunit (Figure 5), enclosing net et al., 1997). The cofactor was purified along with the
the active site as is typically observed in TIM barrel protein and could not be removed even after extensive
enzymes. Lacking this interaction, the b subunit has washing with 500 bed volumes run over a column of
instead a wide, open cavity in front and to one side of matrix-bound b subunit. An absorption peak at 363 nm
the barrel, exposing the active site to solvent. In the b revealed the reduced state of the cofactor (NADPH) in
tetramer, this results in four deep grooves located at the purified protein and indicated essentially full cofac-
the periphery of the molecule (Figure 1A). An almost tor occupancy. Following crystallization, however, the
linear disposition of basic residues (Lys-124, Arg-129, 363 nm peak disappeared, indicating that the nicotin-
Arg-159, Arg-189, Lys-224, Arg-264) conserved in b sub- amide ring had become oxidized in the crystals. There-
units imparts a substantial positive charge to the molec- fore, the oxidized form (NADP1) was used to model the
ular surface in this region. cofactor in the protein structure.
Another distinguishing feature of the b subunit comes The NADP1 is bound in a deep cleft in an extended
in the form of an interesting elaboration of the fold con- conformation and makes numerous contacts with pro-
necting the bI strand to the aH helix (box II). A three- tein atoms from the TIM barrel and the helical subdomain
turn helix (aG) not present in 3a-HSD precedes the aH (Figures 6B and 6C). The configuration of the cofactor
helix, which is itself extended by two full turns. These is very similar to that observed in aldo-keto reductases;
two helices are oriented approximately at right angles there are no covalent interactions with the protein de-
to one another and together jut out over the front face spite the apparent high affinity with which NADP(H) is
of the barrel (Figures 1 and 2). They form part of a primar- bound. In contrast to other aldo-keto reductases, how-
ily a-helical C-terminal subdomain formed by the se- ever, the cofactor is almost completely buried within the
quence-connecting strands bI and bJ and that immedi- deep cleft that is covered by the bI±aG loop; only the
ately following bJ. reactive nicotinamide ring is exposed to solvent (Figures
5A and 5B). The orientation of the ring is constrained
by hydrogen bonds between the amide oxygen and Arg-The Active Site
Well-defined electron density due to NADP1 was ob- 189, between the amide nitrogen and Ser-188 and Gln-
214, and by p stacking of the nicotinamide ring systemserved at the front face of the b subunit (Figure 6A).
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Figure 6. Evidence for Bound Cofactor
(A) Strong electron density for NADP1 is evi-
dent in a 3|Fo| 2 2|Fc| (40.0±2.8 AÊ ; contour
level 1.5 s) map calculated from an incom-
plete early model of the Kvb2 protein prior to
building in the cofactor. It is consistent with
comparable density centered at an equiva-
lent location in the experimental MIR maps.
The refined NADP1 molecule is colored yel-
low, and amino acids of Kvb2 are in cyan.
(B) Close-up of the NADP-binding pocket
viewed in stereo, displaying an extensive
array of intramolecular hydrogen-bonding
and van der Waals contacts contributed by
the two subdomains of Kvb2. Selected resi-
dues of the protein are drawn in white, and
oxygen and nitrogen atoms are colored red
and cyan, respectively. Four well-ordered in-
termediary water molecules (pale green) are
included, as is the NADP1 molecule itself (yel-
low). Three catalytic residues from the TIM
barrel (green ribbon) are also shown: Asp-85,
Tyr-90, and Lys-118.
(C) Schematic representation detailing se-
lected interactions between cofactor and en-
zyme. Residues of Kvb2 surrounding NADP1
are colored as in (B) (green, TIM barrel; blue,
a-helical subdomain). Contacts made solely
with main chain atoms of the protein are de-
noted by amino acid numbering only, whereas
those made with side chains are given full
residue nomenclature. Water molecules are
shown as gray circles.
with Trp-243 (Figures 6B and 6C). This orientation di- In summary, the b subunit active site shows two
unique features when compared to other aldo-keto re-rects the 4-pro-R hydrogen from C-4 of the nicotinamide
ring toward the opening where substrate enters the ac- ductase enzymes. First, the adenine nucleotide end of
NADPH is exposed to solvent in most aldo-keto reduc-tive site pocket (Benner, 1982).
The essential features of catalysis by aldo-keto reduc- tases, as exemplified by 3a-HSD, but is buried by the
bI±aG loop in the b subunit (Figures 5A and 5B). Second,tase enzymes have been determined (Wilson et al., 1992;
Bohren et al., 1994; Pawlowski and Penning, 1994; El- most aldo-keto reductases have a more enclosed active
site than the b subunit. For example, in 3a-HSD, two ofkabbani et al., 1995). These include transfer of a hydride
from the nicotinamide ring to a carbonyl carbon of the the loops contributing to the active site, bF±aD and the
C terminus, are essentially absent in the b subunit. Thesubstrate, followed by proton transfer from a donor
group on the protein to the carbonyl oxygen of the sub- shorter b subunit C terminus forms hydrophobic interac-
tions with the aF and aI helices, leaving a broad pathwaystrate. The proton donor has been shown to be a tyrosine
residue in which the pKa is perturbed through interaction to the cofactor. The situation may be somewhat different
when the b subunit is bound to the K1 channel a subunit,with a nearby lysine and aspartate. The b subunit active
site contains a tyrosine residue, Tyr-90, that is well- but in the free b tetramer the substrate pocket is very
open.positioned with its phenolic oxygen located 3.8 AÊ from
the nicotinamide ring. Moreover, Tyr-90 is hydrogen
bonded to Lys-118, which itself is hydrogen bonded to
Asp-85. Thus, the b subunit active site has a properly Discussion
oriented nicotinamide cofactor and the same general
acid donor system, a tyrosine in association with a lysine Important structural features of the voltage-dependent
K1 channel b subunit include the following. First, the band aspartate, occupying the same relative positions in
space as in other aldo-keto reductase enzymes. subunit exists as a four-fold symmetric tetramer and
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molecule substrates including sugars, aliphatic alde-
hydes, aromatic hydrocarbons, steroids, and prosta-
glandins (Jez et al., 1997). We have not identified the
biological substrate for the b subunit active site, but it
presumably will be a small ketone- or aldehyde-con-
taining molecule present in the cytoplasm.
The structure of the K1 channel b subunit with its
intact, cofactor-bound active site raises questions as
to why certain voltage-dependent K1 channels are
equipped with an oxido-reductase subunit and what role
these play in cell biology. On the basis of this structure,
we suggest two possibilities.
A b subunit±voltage-dependent K1 channel complex
has the necessary components to make a voltage-
dependent enzyme. That is, the a subunit could serve as
a regulatory subunit by coupling conformational changes
of the ion channel (associated with its gating) to molecu-
lar rearrangements of the b subunit in the vicinity of the
enzyme active site. These could in turn influence the
binding of cofactor or substrate molecules. Thus, uponFigure 7. Relative Dimensions of the a and b K1 Channel Subunits
membrane depolarization, the voltage-dependent K1
The Kvb2 tetramer is displayed as a gray ribbon and bound NADP1
channel could, by undergoing a gating-associated con-modeled in black. The KcsA potassium channel (blue) is depicted
formational change, expose the active site of the b sub-above with inner, outer, and pore helices represented as cylinders.
unit and initiate catalysis. A turnover rate of 1000/sThe chosen orientation of the b subunit with respect to the K1
channel pore is arbitrary. would generate 40 product molecules per K1 channel
every 10 ms of membrane depolarization, and product
generation would scale in proportion to the firing fre-
quency of a cell. Such a mechanism would provide atherefore shares the molecular symmetry of the integral
direct coupling between membrane electrical excitabil-membrane component of K1 channels. Based on the
ity and intracellular chemistry. We refer to this proposalassumption that the four-fold axes of the a and b sub-
as the voltage-dependent enzyme hypothesis.units coincide, the b subunit tetramer must dock against
A second, and perhaps more likely, possibility is thatthe cytoplasmic face of the a subunit tetramer in one
the b subunit is an intracellular redox-sensing deviceof two general orientations. The concave surface must
for the K1 channel. How could such a device work?face either the membrane channel or the cytoplasm.
Imagine again that the gating conformational state ofSecond, end-to-side packing of the TIM barrels places
the K1 channel is coupled to the b subunit active site.four active sites approximately 30 to 35 AÊ away from
There could, for example, be gating effects mediatedthe central axis of the channel (Figure 1). Using the
by the conformational change that occurs in NADPHtwo-transmembrane K1 channel structure of KcsA as a
when it is oxidized to NADP1. In this instance, a smallmeasure of the canonical K1 channel pore-forming unit,
molecule ªsubstrate,º by binding to the active site andwe infer that the b subunit active sites must be posi-
oxidizing or reducing the cofactor, might influence chan-tioned beneath the portion of the a subunit formed by
nel gating. This mechanism would require only a singlethe first four transmembrane segments (S1 through S4,
hydride transfer between substrate and cofactor rathernot present in the KcsA K1 channel) (Figure 7). Trans-
than multiple catalytic cycles. A permanently bound co-membrane segments S1 through S4 include the voltage
factor would have obvious advantages in such a mecha-sensor of voltage-dependent K1 channels (Hille, 1992).
nism and is consistent with our structural data. In thisThird, a b subunit active site contains an NADP1 cofac-
scenario, intracellular chemistry would modulate K1tor, a catalytic tyrosine, and associated charge-relay
channel activity, perhaps over a relatively long timeamino acids for stabilization of a tyrosinate anion. Thus,
scale. This idea offers a mechanism for the recent dis-the active site is structurally competent to mediate hy-
covery that coexpression of a b subunit with a voltage-dride transfer chemistry. The cofactor is very tightly
dependent K1 channel confers ªoxygen sensitivityºbound to the active site.
upon the channel (Perez-Garcia et al., 1999).Aldo-keto reductase enzymes reduce aldehyde or ke-
The two proposals outlined above represent biologi-tone functional groups to primary or secondary alcohols.
cally distinct mechanisms, but they are thermodynami-Some members of this enzyme family catalyze carbon±
cally almost indistinguishable. Both are based on thecarbon double bond reduction. The basic chemical reac-
idea that conformational changes of the b subunit activetion is the stereospecific transfer of a hydride between
site are linked to conformational changes of the K1the nicotinamide ring of the cofactor (NADPH or NADH)
channel. Although further experiments will be requiredand a carbon center on the substrate molecule. There-
to test these ideas, circumstantial evidence may before, a substrate is reduced at the expense of cofactor
gleaned from existing data, including the b subunitoxidation or the converse occurs, depending on sub-
structure itself. For example, it is known that large move-strate/product concentrations and the redox potential
ments of active site loops in TIM barrel enzymes occurwith respect to that of NADP1/NADPH. The aldo-keto
reductase enzymes metabolize a wide range of small during catalysis. In particular, upon NADPH binding to
Cell
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a molecular tetramer of Kvb2 were collected, pooled, and concen-aldose reductase, a large structural rearrangement oc-
trated to approximately 30 mg/ml as a prelude to crystallization.curs in the bI±aG loop (Borhani et al., 1992). It is tempting
to speculate that the corresponding loop in the b subunit
is regulatory. It covers the cofactor and has significantly Crystallization and Structure Determination
higher temperature factors than other regions of the Orthorhombic crystals (P21212; a, 156.6 AÊ ; b, 114.3 AÊ ; c, 93.1 AÊ ) grew
in hanging drops over a period of 2 weeks; 1 ml of the protein solutionstructure, at least in the absence of the channel. Further-
was mixed with 0.1 ml of 50 mM n-octyl-b-D-glucopyranoside andmore, the location of the active site and loop with respect
1 ml of a reservoir solution containing 100 mM HEPES (pH 7.5),to the central four-fold axis of the channel may position
26% w/v polyethylene glycol monomethyl ether (average molecularthem appropriately for interaction either directly or indi-
weight 2000), and 400 mM ammonium sulphate and allowed to
rectly with the voltage sensor. This would be the case slowly equilibrate by vapor diffusion. Crystals grown in this fashion
irrespective of the relative orientation of b and a (i.e., were cryoprotected by transferring into a similar solution containing
concave side toward either cytoplasm or channel). Anal- 25% glycerol, mounted in nylon loops, and flash frozen at 100 K.
Measurable diffraction extends to about 2.8 AÊ on a laboratory detec-yses of spider toxins that bind to the voltage sensor
tion system comprising an R-Axis IV image plate in conjunction withshow that it must be located outside the perimeter de-
mirror-focused CuKa X-rays from a Rigaku rotating anode generator.fined by the KcsA K1 channel, placing it in the proximity
All images were processed using the program DENZO and the inte-
of the b subunit active site (Swartz and MacKinnon, grated intensities scaled and merged with SCALEPACK (Otwinow-
1997) (Figure 7). ski, 1993; Otwinowski and Minor, 1997).
The preceding discussion would be incomplete with- The structure was solved by multiple isomorphous replacement
(MIR) using two derivatized crystals and incorporating anomalousout addressing the well-studied role of b1 subunits in K1
diffraction data (Table 1). MLPHARE (CCP4, 1994) was used to refinechannel A-type inactivation gating (Rettig et al., 1994).
heavy atom parameters and generate phases. The final MIR phasesPrevious work showed that the b1 subunit causes inacti-
have an overall figure of merit of 0.45 for data between 15.0 andvation because it has an inactivation gate located at
3.3 AÊ . The application of density modification procedures, including
the extremity of its variable N terminus (residues 1±20). solvent flattening and four-fold symmetry averaging of the experi-
Excluding its N terminus, the b1 subunit amino acid mental maps using the program suite RAVE (Kleywegt and Jones,
sequence is nearly identical to that of b2, implying a 1994), improved the quality of the phases sufficiently to yield an
easily interpretable electron density map, enabling confident tracingsimilar four-fold quaternary structure. The N terminus
of almost the entire backbone of the Kvb2 protein and unambiguousof the b subunit is attached to the hairpin located at the
assignment of much of the amino acid sequence using the programback of the TIM barrel that forms part of the intersubunit
O (Jones et al., 1991). A number of cycles of building and refinement
interface. Thus, the inactivation gate on b1 must extend were required to place the remainder of the structure. Refinement
out of each of the four prominent notches on the periph- of the model against native2 (see Table 1) was carried out by minimi-
ery of the b tetramer. To produce inactivation, a tethered zation and simulated annealing procedures using the maximum like-
lihood target implemented in CNS (BruÈ nger et al., 1998). Strict non-gate would presumably reach toward the membrane in
crystallographic symmetry constraints were maintained throughout.order to access its receptor site on the a subunits. The
All measured data falling within resolution limits of 40.0 and 2.8 AÊpresence of approximately 70 amino acids preceding
(with the exception of a random 5% used for calculation of thethe TIM barrel core in the b1 subunit should provide
Rfree) were used in the refinement, during which bulk solvent andsufficient flexibility to easily allow this to happen. anisotropic temperature factor corrections (final anisotropic tensor
In conclusion, based on analysis of the three-dimen- elements: B11, 15.46 AÊ 2; B22, 7.40 AÊ 2; B33, 18.08 AÊ 2) were applied to
sional structure reported here, we propose that the pri- the reflection data. Individual temperature factors were refined for
all nonhydrogen atoms. The crystallographic Rfree was monitoredmary role of the voltage-dependent K1 channel b sub-
throughout the procedure to reduce model bias. The final refinedunits is related to their enzymatic function. Specifically,
model has good geometry with no Ramachandran outliers and con-we suggest that the redox chemistry of a cell is intrinsi-
tains 325 residues, 1 NADP1, and 37 water molecules. Although
cally linked to changes in membrane potential via the electron density for six residues (257 to 262) was relatively poor, the
interaction of the a and b subunits of voltage-dependent positions of two proline residues within the sequence were clearly
K1 channels. discernible, although their precise orientations were unclear. This
marker, together with faint density for other residues, allowed trac-
ing of the main chain atoms through that stretch. Seven residues
at the C terminus were omitted from the model due to weak electronExperimental Procedures
density in the region. Side chains were not modeled beyond Cb for
the following amino acids: Asp-256, Ser-257, Ile-259, Pro-260, Pro-Protein Preparation
261, Tyr-262, Ser-263, Ser-266, Lys-274, Lys-276, Ser-279, Glu-280,DNA encoding the conserved core region (residues 36 to 367) of rat
Arg-283, Lys-290, and Glu-315.Kvb2 was subcloned into a pAcG2T baculovirus transfer vector as
a GST-fusion construct using BamHI and EcoRI restriction sites
and cotransfected into Sf9 cells with linearized baculoviral DNA
Acknowledgments(Baculogold, Pharmingen) for homologous recombination. Virally in-
fected cells were harvested by centrifugation and resuspended in
We thank Brian Chait and Martine Cadene for help with mass spec-a buffer comprising 20 mM Tris-HCl (pH 8.3), 300 mM KCl, and 5
trometry; James Trimmer for the b subunit clone; Elena Conti, DeclanmM dithiothreitol (this buffer was used exclusively throughout the
Doyle, Joao Morais Cabral, David Jeruzalmi, Thomas Schindler, Ste-purification). Phenylmethylsulfonyl fluoride was added to a final con-
phen Soisson, Barry Ganetzky, and Philip Cole for helpful discus-centration of 1 mM and the insect cells promptly lysed by sonication.
sions; Huguette Viguet, Jeffrey Bonnano, and Natalia Rodionova forCellular debris was pelleted by high-speed centrifugation, followed
technical assistance; and Alice Lee for discussion and advice. Thisby the incubation of the supernatant with preequilibrated glutathi-
work was supported in part by a grant from the NIH (GM47400).one±Sepharose beads for 2 hr at 48C. Proteolytic (trypsin) removal
R. M. is an investigator of the Howard Hughes Medical Institute.of the amino-terminal GST tag was preceded by extensive washing
of the matrix-bound material. The cleaved Kvb2 core was eluted
and loaded onto a size-exclusion (Superdex-200 10/30, Pharmacia)
column as a final purification step. Peak fractions corresponding to Received May 13, 1999; revised June 2, 1999.
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